Background and Purpose-The pathogenesis of cerebral aneurysms still raises some controversies. The aim of this study was to identify morphological, hemodynamic, and clinical independent risk factors for anterior communicating artery (ACoA) aneurysm development. Methods-Computed tomography angiography and transcranial color-coded sonography were performed in 77 patients with a nonbleeding ACoA aneurysm and in 73 controls. Symmetry of A1 segments of the anterior cerebral arteries, angles between A1 and A2 segments, tortuosity, diameter, mean velocity (V m ), pulsatility index, and volume flow rate in both A1 segments were determined. Moreover, all study participants completed a survey on their medical history. Multivariate backward stepwise logistic regression analysis was performed to identify independent risk factors for ACoA aneurysm development. Results-Smoking, hypertension, asymmetry of A1 segments, the angle between A1 and A2 segments, A1 segment diameter, V m , pulsatility index, and volume flow rate turned out to be associated with the occurrence of ACoA aneurysms on univariate analysis. Multivariate analysis identified smoking (odds ratio, 2.036; 95% confidence interval, 1.277-3.245), asymmetry of A1 segments >40% (odds ratio, 2.524; 95% confidence interval, 1.275-4.996), pulsatility index (odds ratio, 0.004; 95% confidence interval, 0.000-0.124), and the angle between A1 and A2 segments ≤100° (odds ratio, 4.665; 95% confidence interval, 2.247-9.687) as independent strong risk factors for ACoA aneurysm development. Conclusions-The risk of ACoA aneurysm formation is determined by several independent clinical, morphological, and hemodynamic factors. The strongest independent risk factors include smoking, asymmetry of A1 segments >40%, low blood flow pulsatility, and the angle between A1 and A2 segments ≤100°. (Stroke. 2014;45:00-00.)
A ccording to the current view, cerebral aneurysms are acquired degenerative lesions resulting from hemodynamic stress. 1 Animal studies conducted by Hashimoto et al 2 and Hazama et al 3 clearly showed that exposure to hemodynamic stress associated with an increased blood flow leads to degenerative changes of internal elastic lamina and muscularis media of arterial wall immediately adjacent to the apex of bifurcation and aneurysm formation. However, we still do not know why intracranial aneurysms develop preferentially in certain arterial bifurcations, namely in the internal carotid artery (ICA)/posterior communicating artery junction, anterior communicating artery (ACoA) complex, and middle cerebral artery bifurcation. 4 This issue was partially addressed in glass model studies, showing that the magnitude and distribution of hemodynamic stress on the vessel bifurcation depend not only on blood flow but also on the bifurcation angle and flow pulsatility. 5, 6 Also, our previous study showed that occurrence of cerebral aneurysms in the arteries constituting pathways of collateral circulation in patients with the occlusion of brachiocephalic vessels is not always related to the increase in blood velocity. 7 In this case-control study, we focused exclusively on ACoA aneurysms. The aim of the study was to analyze morphological and hemodynamic data of the ACoA complex in patients diagnosed with ACoA aneurysms. Based on the above and clinical data, we aimed at identifying independent risk factors that influence the occurrence of ACoA aneurysms.
Methods Study Population, Inclusion and Exclusion Criteria
The study included consecutive patients who were diagnosed with ACoA aneurysm based on computed tomography angiography (CTA) findings and the controls who did not show any pathologies on CTA examination. The exclusion criteria from the study were (1) age <18 or >75 years, (2) pregnancy, (3) pathologies of the central nervous system, such as brain tumors or cerebrovascular malformations other than ACoA aneurysm, (4) connective tissue diseases, such as Ehlers-Danlos syndrome and Marfan syndrome or other conditions predisposing to development of cerebral aneurysms, such as 2
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autosomal dominant polycystic kidney disease, (5) other severe systemic disorders, for example, advanced neoplastic disease, advanced heart failure, or multiorgan failure, (6) hemodynamically significant extracranial carotid stenosis, (7) history of ischemic stroke, intracerebral hemorrhage, or subarachnoid hemorrhage, and (8) family history of cerebral aneurysm. Eventually, a total of 150 patients satisfying the above-mentioned criteria were enrolled between October 2007 and November 2013, among them 77 individuals with ACoA aneurysms (35 men and 42 women) and 73 controls (29 men and 44 women). Both patients and controls were referred for CTA after the conventional CT, to exclude the presence of an ACoA aneurysm, to undergo medical check-up of the brain for minor symptoms, such as headache or vertigo, or for screening without obvious medical indications. After obtaining written informed consent, all the participants completed a survey on their age, sex, body height and weight (for body mass index calculation), cigarette smoking status, and comorbidities (hypertension, diabetes mellitus, heart disease, and hypercholesterolemia). The presence of the latter was further confirmed based on medical documentation analysis. Hypertension was considered if the patient was taking antihypertensive medications or had a history of unstable and untreated hypertension with systolic blood pressure of ≥140 mm Hg or diastolic blood pressure of ≥90 mm Hg. Hypercholesterolemia was considered when the patient was treated with antihyperlipidemic agents or had a total cholesterol level of ≥220 mg/dL. A heart disease was considered if the patient had a history of myocardial infarction, coronary heart disease, or valvular heart disease. Diabetes mellitus was considered if the patient was taking antidiabetic agents or insulin injections. Based on a data on cigarette smoking, the patients were classified as current regular smokers, former regular smokers, and nonsmokers.
CTA Protocol
The CTA examination was performed with a 64-channel multidetector CT scanner (LightSpeed VCT; GE Healthcare, Pittsburgh, PA) with intravenous bolus administration of a nonionic contrast medium (Iomeron 400, Bracco, Italy). The scanning parameters were as follows: collimation 39.38×0.625 mm, spiral pitch 0.984, tube voltage 120 kV, tube amperage 450 mA, 0.4-s rotation time, and slice thickness 0.625 mm. A total quantity of 60 mL of contrast material, followed by 30 mL of saline solution, were injected into the antecubital vein at a 5 mL/s rate with a power injection platform (Medrad Stellant D Dual Syringe CT Injection System, Bayer Healthcare, Germany). CT scanning was triggered using a Smart Prep protocol, with the region of interest placed in the common carotid artery. Image acquisition started 5 s after the attenuation reached 150 HU. The scanning time was ≈4.5 to 6.0 s. The CTA data were recorded as DICOM files and transferred to a workstation equipped with the Mimics Innovation Suite platform (Materialise, Belgium). Mimcs v.16 was used for vessel image segmentation to create a 3-dimensional (3D) model. The following arteries were segmented: the A1 segment of the anterior cerebral artery (ACA), ACoA, and the A2 segment of the ACA. In the group of ACoA aneurysms, the aneurysm was digitally erased and only the ACoA was left for further measurements. Before the removal of an aneurysm, the side of the aneurysm was determined. After completing, the vessel centerline (computer-aided design tool) was automatically fit to each 3D model ( Figure 1 ). The following parameters were automatically calculated according to the centerline: tortuosity of the A1 segment, the largest curvatures of A1 and A2 segments localized nearest to the ACoA, and the circumference of the A1 segment in the point of the largest curvature of the A1. The A1 segment diameter (d) was calculated based on the formula for the circumference of a circle: d=C/π, where C is the circumference. Cross-sectional surface (S) was calculated from the expression: S= π×(d/2). 2 The vascular asymmetry coefficient (VAC) was used to assess the symmetry, asymmetry, and hypoplasia of A1 segments. 8 The VAC displays the differences between the mean diameters of vessel segments, expressed as a percentage of the wider vessel with respect to the major diameter. When the VAC was ≤10%, A1 segments were classified as symmetrical. When the VAC was >10% and ≤40%, A1 segments were classified as asymmetrical, and when the VAC was >40%, A1 segments were considered hypoplastic. Then the vessel centerline was exported to 3-matic application, where angles between A1 and A2 segments were calculated. Arms of the angle were drawn through the points of the largest A1 and A2 curvatures, localized nearest to the ACoA, and the vertex of the angle was placed in the point of connection of A1 and A2 segments' centerlines ( Figure 1 ). In the case of aplasia of the A1 segment, these measurements were applied only to the larger (dominant) A1 segment. All morphological measurements were performed by the same author (P.L.).
Protocol of Transcranial Color-Coded Sonography
After enrollment, all the patients were subjected to transcranial colorcoded sonography with a Vivid 3 Pro (GE Healthcare, Pittsburgh, PA) equipped with a multifrequency transcranial probe (1.5-3.6 MHz), according to the previously described standards. 7 All transcranial color-coded sonography examinations were performed by the same examiner (W.K.). The angle-corrected mean blood flow velocity (V m ) was measured for both A1 segments of the ACA. The pulsatility index (PI) for each vessel was calculated as V ps −V ed /V m , where V ps is the peak systolic velocity and V ed end-diastolic velocity. 9 Each transcranial color-coded sonography examination was performed with the sample volume being placed within the color flow image of the examined artery, as closely as possible to the distal end of the A1 segment ( Figure 2 ). The volume flow rate (VFR) was calculated based on the formula: VFR=V m ×S. Both the author (W.K.) who performed the transcranial color-coded sonography examination and calculated hemodynamic parameters and the researcher (P.L.) who performed morphological calculations were blinded to the results.
Ethics
The institutional review board (The Medical University of Silesia, Sosnowiec, Poland) approved the examination protocol for patients enrolled in this study. 
Statistics
Normal distribution of continuous variables was tested and homogeneity of their variance was verified with the Levine test. Statistical characteristics of the continuous variables were presented as arithmetic means and their SDs or medians and interquartile ranges. The Student t test and Mann-Whitney U test were used for intergroup comparisons. The distributions of qualitative parameters in the studied groups were compared with the χ 2 test or the Fisher exact test. Relationships between pairs of variables were determined on the basis of the values of the Spearman coefficients of rank correlation (R).
All demographic (age, sex) variables, body height and weight, smoking, patient's medical history, and morphological and hemodynamic variables were assessed as potential risk factors for ACoA aneurysm development. The univariate analysis was first conducted to determine which variables were associated with the occurrence of an ACoA aneurysm. Correlations between the parameters that were identified as significant on univariate analysis were examined using the Pearson correlation test. The variables that differed between the ACoA patients and the controls with univariate P value <0.10 were included in multivariate backward stepwise logistic regression analysis to identify independent risk factors for the presence or absence of an ACoA aneurysm (dichotomous outcome). Risk factors with P value <0.05 were considered statistically significant. Statistical calculations and analyses were performed with Statistica 10.0 (StatSoft, Tulsa, OK) software.
Results
Clinical and morphological characteristics of patients with ACoA aneurysms and the controls are presented in Table 1 . In the group of 33 patients (43%) diagnosed with an ACoA aneurysm and hypoplasia of one of A1 segments (VAC >40%), all ACoA aneurysms were localized on the dominant A1 segment. This group consisted of 9 patients with aplasia of one of the A1 segments. Among 32 patients (41%) with asymmetrical A1 segments (VAC >10% and ≤40%) and 12 individuals (16%) with normoplastic A1 segments (VAC ≤10%), there were 1 and 6 persons, respectively, with an ACoA aneurysm on the side of the smaller (nondominant) A1 segment. Only 1 patient in the control group presented with aplasia of one of A1 segments.
Morphological and hemodynamic parameters of patients with an aneurysm and the controls are presented in Table 2 . In the case of patients with ACoA aneurysm, the results of morphological and hemodynamic measurements of A1 segments were presented both for the side associated with the aneurysm and for the contralateral side. In the control group, the results of morphological measurements and hemodynamic findings 
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were classified as those related to the larger A1 segment and the smaller A1 segment.
Univariate and Multivariate Analyses
The first step was to identify the factors being associated with either the presence or the absence of an ACoA aneurysm on univariate analysis. The analysis included demographic variables of the study and control groups, as well as morphological and hemodynamic variables: for the A1 segment on the side of an aneurysm in the group of patients with ACoA aneurysms and for the dominant A1 segment in the controls. The choice of the dominant A1 segment side in the control group was dictated by the intention of matching the controls to the study group in terms of morphology of the A1 segment. In the group of patients with ACoA aneurysm, all except 7 aneurysms were located on the side of the dominant A1 segment. Smoking, hypertension, asymmetry of A1 segments, the angle between A1 and A2 segments, A1 segment diameter, V m , PI, and VFR in A1 segment turned out to be significantly associated with the presence of ACoA aneurysms on univariate analysis (Table 3) . Correlations between the factors that proved to be significant on the univariate analysis were examined using the Pearson correlation test. Strong significant correlations were documented between A1 segment diameter and VFR, as well as between V m and PI. Therefore, only VFR and PI were included in the multivariate backward stepwise logistic regression analysis. The remaining parameters used in the multivariate model and the characteristics of the latter are presented in Table 4 . Smoking (odds ratio, 2.036; 95% confidence interval, 1.277-3.245), asymmetry of A1 segments >40% (odds ratio, 2.524; 95% confidence interval, 1.275-4.996), PI (odds ratio, 0.004; 95% confidence interval, 0.000-0.124), and the angle between A1 and A2 segments ≤100° (odds ratio, 4.665; 95% confidence interval, 2.247-9.687) turned out to be the strongest independent risk factors for ACoA aneurysm development.
Discussion
Hypertension and cigarette smoking are well-known modifiable risk factors for aneurysm formation. 10 , 11 Hashimoto et al 2 showed that increased blood flow because of experimentally induced arterial hypertension results in the formation of cerebral aneurysms on pathways of collateral circulation. Hemodynamic stress results in degradation of the internal elastic lamina followed by thinning of the media because of the decrease of medial smooth muscle cells. 3 Cigarette smoke induces endothelial inflammatory response and proinflammatory phenotypic modulation of vascular smooth muscle cells and subsequent aneurysm formation. 12 Vlak et al 11 demonstrated that the joint risk of current smoking and hypertension for the aneurysm development was higher than the sum of the separate risks.
Hemodynamic forces, particularly high wall shear stress (WSS), play a crucial role in initiating cerebral aneurysm formation. 4, 5, 13, 14 Alfano et al 4 showed a significant association between a vessel bifurcation where aneurysms are frequent (ie, the ACoA complex, middle cerebral artery bifurcations, and ICA/posterior communicating artery junction) and high WSS. Studies on glass models revealed that the magnitude of hemodynamic stress increases proportionally to the bifurcation angle and asymmetry of the branch diameter. 5, 6 Ingebrigtsen et al 15 analyzed 107 bifurcations of the middle cerebral artery, distal ICA, and the basilar artery, reconstructed based on 3D digital subtraction angiography and demonstrated that branch angles in the bifurcations with aneurysm were significantly larger than those without. The angles turned out to be the only independent predictors for the occurrence of an aneurysm on logistic regression analysis. 15 Bor et al. 16 compared the original CTA/magnetic resonance angiography images of bifurcations of A1 segment-ACoA, ICA-posterior communicating artery, distal ICA, and basilar artery of 26 patients who developed an aneurysm and 78 controls. They found that aneurysms were significantly more frequent in hypoplastic branches and bifurcations with sharper angles between parent artery and its derivatives. 16 Kasuya et al 17 used 3D CTA to analyze the angles between A1 and A2 segments of the ACAs in 42 patients after subarachnoid hemorrhage from a ruptured ACoA aneurysm. They found significant association between smaller A1 to A2 angle (larger ACoA-A2) and prevalence of an aneurysm. 17 Also, our findings suggest that the vessel bifurcation angle may be a predictor of cerebral aneurysm formation. We found that the angle between A1 and A2 segments Values expressed as mean±SD or median (interquartile range). ACoA indicates anterior communicating artery; PI, pulsatility index in the A1 segment; V m , mean velocity in the A1 segment; and VFR, volume flow rate in the A1 segment.
*Aneurysm side vs nonaneurysm side; †aneurysm side vs dominant A1 segment; ‡aneurysm side vs nondominant A1 segment; §Mann-Whitney U test; ||Student t test; and ¶Student t test with independent estimation of the variance.
by guest on July 14, 2017 http://stroke.ahajournals.org/ Downloaded from associated with an ACoA aneurysm was significantly smaller, both in relation to the A1 to A2 angle of the nonaneurysm side and to the A1 to A2 angle of the ACoA complex in the controls (Table 2) . Moreover, we demonstrated that A1 to A2 angle ≤100° was the strongest independent risk factor for ACoA aneurysm development (Table 4) .
ACoA aneurysms are frequently associated with asymmetrical A1 segments of the ACAs. 18 Ujiie et al 19 conducted a study on the glass model of the ACoA complex and showed that an increase in blood flow or diameter of one of the A1 segments of ACA results in a significant increase in hemodynamic stress at the junction of the A1 segment and ACoA. This suggests that the geometry of the ACoA complex may significantly modulate both the magnitude and the distribution of hemodynamic load at the junction of the A1 segment and ACoA.
Xu et al 20 used the 3D numeric simulation model of the ACoA complex to demonstrate that WSS in the region of the dominant A1-ACoA increased proportionally to a decrease in the diameter of the nondominant A1 segment. According to high-flow theories, high WSS acts directly on the vascular endothelium leading to weakening of the vessel wall and aneurysm formation. 13 We showed that V m , VFR, diameter of the A1 segment, and asymmetry of A1 segments are significantly associated with the presence of an ACoA aneurysm (Table 3) .
Hypoplasia or aplasia of one of the A1 segments turned out to be the strongest independent risk factor for ACoA aneurysm occurrence (Table 4) .
Pulsatility effect of the blood flow waveform is thought to play an important role in the development and rupture of an aneurysm.
5,21-23 Holzschuh et al 22 found that PI in intracranial arteries of a patient with the Ehlers-Danlos syndrome and an middle cerebral artery aneurysm was lower than the PI of the reference group. They hypothesized that low PI is associated with a high risk of the aneurysm development. 22 In their computational fluid dynamics analysis, Le et al 23 found that high WSS values in the neck region of a saccular aneurysm correlated strongly with low pulsatility inflow waveform. For the low PI, the WSS temporal variation could locally exhibit high frequency oscillations and large temporal gradients, leading to the endothelial cell damage and aneurysm formation. The PI value is determined by several factors, namely blood flow in the investigated vessel, the peripheral resistance, elasticity of the vessel wall, and the caliber of the vessel. Hypoplastic vessels are characterized by high PI. We showed that low PI is an independent risk factor for aneurysm development ( Table 4) . The PI value of the A1 segment associated with an ACoA aneurysm turned out to be significantly lower than the PI value of the A1 segment on the nonaneurysm side and significantly lower than the PI value of the dominant and nondominant A1 segment in the controls ( Table 2 ). The diameter of A1 segments associated with ACoA aneurysm was significantly higher than the diameter of A1 segments on the nonaneurysm side and the diameter of A1 segments in the control group (Table 2) . Thus, we suppose that the diameter of A1 segments might have influenced the differences in PI values.
We are well aware that selection bias might constitute principal limitation of this study. We tried to overcome this bias qualifying to analysis all consecutive patients who were referred to CTA because of various reasons. The use of exclusion criteria was aimed at elimination of potential confounders, such as diseases affecting cerebral circulation or family history of intracranial aneurysms. It is noteworthy that the list 
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of indications for CTA did not include any of the risk factors for aneurysm formation analyzed in our study (eg, hypercholesterolemia). This likely prevented over-representation of individuals with these risk factors in our sample. One potential limitation may be associated with the fact that small aneurysms cannot be detected on conventional CT that was the only examination conducted in some of the prequalified patients. Therefore, it cannot be excluded that some individuals with the small aneurysms remained unidentified and thus were not enrolled. A further limitation stems from the fact that the study group consisted of patients with already diagnosed ACoA aneurysm. Therefore, hemodynamic parameters at the moment of aneurysm initiation could be slightly different than those determined at the time of enrollment to the study. Moreover, the presence of an aneurysm could influence the morphology of the ACoA complex. However, this last limitation seems to be the least significant as ACoA aneurysms of our patients were relatively small (4.7±2.3 mm; range, 2.0-11.0 mm). Another potential limitation pertains to the fact that rheological and humoral parameters were not included in our analysis. Apart from the standardized protocol and blinding the researchers with regard to patient assignment, also relatively large size and homogeneity of the group of subjects with ACoA aneurysms, sufficient for the purpose of multivariate risk analysis, should be considered as a strength of our study. Moreover, it should be noted that the compared groups did not differ significantly in terms of statistical characteristics of age and sex, that is, established confounders of cerebral hemodynamic studies. 24 Although this was not a consequence of our purposeful actions, but rather a result of simultaneous selection of patients and controls originating from the same catchment area, it undoubtedly improved reliability of the hereby presented findings. Finally, the prospective manner of collecting clinical and imaging data enabled us to avoid another potential selection bias, namely exclusion of patients in whom aneurysms were treated by embolization or clipping.
In conclusion, our study constitutes a starting point for further analyses of associations among WSS, the established risk factor for aneurysm formation, and the hereby discussed hemodynamic and morphological factors.
